We examine the capabilities of the DUNE experiment in probing leptonic CP violation within the framework of theories with generalized CP symmetries characterized by the texture zeros of the corresponding CP transformation matrices. We investigate DUNE's potential to probe the two least known oscillation parameters, the atmospheric mixing angle θ 23 and the Dirac CP-phase δ CP . We fix theory-motivated benchmarks for (sin 2 θ 23 , δ CP ) and take them as true values in our simulations. Assuming 3.5 years of neutrino running plus 3.5 years in the antineutrino mode, we show that in all cases DUNE can significantly constrain and in certain cases rule out the generalized CP texture zero patterns.
INTRODUCTION
The discovery of oscillations [1, 2] provides a major milestone in the development of particle physics over the past few decades [3] . Several fundamental open issues in cosmology may also be closely related to the lepton sector and the properties of neutrinos, which we are just starting to uncover. For example, neutrinos could hold the key to the mystery associated to the origin of the baryon asymmetry of the universe. Although this could arise within the Standard Model through anomalous electroweak baryon-number non-conserving processes [4] , the mechanism on its own turns out not to be realistic [5] . However, sphaleron processes can convert a pre-existing lepton number, producing a net baryon number, a process called leptogenesis [6] . Indeed, this mechanism could in principle account for the observed matter to anti-matter asymmetry of the universe provided CP is violated in the lepton sector in an adequate manner. This brings the issue of CP violation in the neutrino sector to the spotlight. By exploring the phenomenon of neutrino oscillations, the Deep Underground Neutrino Experiment (DUNE) [7] aims to improve our understanding of neutrinos through the study of one of the three CP phases present in the simplest theories of massive neutrinos [8] .
DUNE is an international experiment for neutrino studies that will consist of two neutrino detectors placed in the world's most intense neutrino beam. The Long-Baseline Neutrino Facility will provide the neutrino beamline, while the two detectors will play complementary roles. These detectors will have the capability of searching for new CP violating features of neutrino oscillations, thereby probing the existence of leptonic CP violation. There have already been symmetry-based studies in the context of the DUNE experiment performed, for example, in Refs. [9] [10] [11] [12] [13] . In particular, we note that popular flavor symmetry frameworks with µ − τ symmetry, such as those in [14] [15] [16] [17] (see Ref. [18] for a recent review and references) usually predict θ 13 = 0 (zero reactor mixing), and also θ 23 , δ CP values at odds with current global neutrino oscillation studies [19] . This led to revamped theories with viable predictions [20] .
In this paper we re-examine the sensitivities of the DUNE experiment in probing leptonic CP violation. Rather than considering specific full-fledged neutrino theories from first principles,
here we adopt a model-independent framework based on generalized CP symmetries. These are characterized by the pattern of texture zeros of the corresponding generalized CP transformation matrices [21] . Apart from its own theoretical significance, a study based on generalized CP symmetries is important and timely, as this class of theories can naturally yield consistent values of the oscillation parameters, while retaining predictive power [22] [23] [24] . The paper is structured as follows. In sections 2 and 3 we describe the generalized CP matrices and their texture zeros, while in section 4 we briefly describe our numerical simulation. Results are presented in section 5 and a brief summary with further discussion is given in section 6.
GENERALIZED CP-SYMMETRY
In this section we provide a brief overview of the generalized CP method and the phenomenological consequences of CP texture zeros. We will mainly follow the notation of Refs. [21, 22, 25] . We start with the definition of the generalized CP symmetries. The generalized CP transformations X ψ acting on a particular fermionic field ψ are defined as follows:
The associated CP transformation matrix X ψ of Eq.(1) can be deemed to be a valid symmetry of the mass term provided it satisfies:
Note that while writing down Eq. (4) and Eq. (5) we have assumed non-degenerate masses i.e.
, one can show that the unitary matrix U ψ diagonalizing a mass matrix invariant under a given generalized CP symmetry X ψ , satisfies the following constraint 
where e iδ i ; i = 1, 2, 3 are independent phases 1 . It is also easy to show that X ψ is always a symmetric matrix [25] . Owing to its symmetric nature, it can be "Takagi-decomposed" as
From Eq. (6) and Eq. (7) we find that
where O 3 is a real 3 × 3 orthogonal matrix. Eq. (8) implies that the unitary matrix U ψ can be written in terms of the CP matrix Σ as
The orthogonal matrix O 3 can be parameterized in terms of three rotation angles as follows
where the three angles θ i ; i = 1, 2, 3 are free parameters whose values can be constrained by experiments. In the rest of this work we will impose generalized CP symmetries on the neutrino mass matrix in order to constrain leptonic mixing parameters. For definiteness we work in the charged lepton diagonal basis.
Before moving forward we should remark on some salient features of the generalized CP symmetry approach. The first thing to note is that the fermion masses are not constrained by the generalized CP symmetries and in almost all cases free parameters can be chosen to match the observed masses. The real predictive power of generalized CP symmetries lies in their ability to predict the fermion mixing angles and phases.
Another point to understand is the difference between the cases when neutrinos are Dirac or Majorana in nature. In this work we will mainly assume neutrinos to be Majorana particles, though that need not be the case [26] [27] [28] [29] [30] . If neutrinos are Dirac particles then it can be shown that [24] :
• The mixing parameters testable in neutrino oscillations experiments, i.e., solar (θ 12 ), reactor (θ 13 ) and atmospheric (θ 23 ) angles, as well as the CP phase (δ CP ) will be identical both for Majorana or Dirac neutrinos.
1 Notice that even for Majorana fermions if some of the masses are zero then the corresponding "±" entry should be replaced by a complex phase.
• For Majorana neutrinos, the generalized CP symmetries in general also impose non-trivial constraints on the "Majorana phases". In the Dirac neutrino case, the Majorana phases are unphysical and can be rotated away by appropriate field redefinitions [8] .
It follows that all of our discussion in this work regarding the potential of the DUNE experiment to probe CP texture zeros holds equally well for the case of Dirac neutrinos. This is to be expected as it is well-known that oscillation experiments are insensitive to the Dirac or Majorana nature of neutrinos [31] .
TEXTURE ZEROS OF GENERALIZED CP MATRICES
In this section we look at the phenomenological consequences of all the possible texture zeros allowed in the generalized CP matrix X. As we will discuss, the presence of texture zeros in X has implications for both oscillation parameters as well as for the Majorana phases, leading to implications also for neutrinoless double beta decay experiments. Since in this work we are mainly interested in the potential of DUNE to probe CP texture zeros, we will only focus on the implications on parameters relevant to neutrino oscillations, namely the three angles and the Dirac CP phase δ CP .
The X matrices can be classified by the number of the textures zeros present in a given X.
Notice that any CP matrix X with more than four texture zeros is not phenomenologically viable.
The various possible texture zeros matrices with four or lesser texture zeros are listed in Tab. (I).
Below we briefly summarize their predictions for oscillation parameters. For further details and other implications of CP texture zeros see Ref.
[21] whose results we now summarize.
Four Texture Zeros
As mentioned before, the maximum number phenomenologically viable texture zeros X can have is four. There are in total three possible four texture zero CP matrices as shown in Tab. (I).
However, among them only one X I is consistent with current neutrino oscillation data. This CP matrix is nothing but the CP matrix corresponding to the famous µ − τ symmetry [16, 17] . It predicts:
where the parameters θ i ; i = 1, 2, 3 are the angles of the orthogonal matrix O 3 in the parameterization of Eq. (10) . Notice that X I predicts maximal value of atmospheric angle as well as maximal value of Dirac phase.
Possible CP Texture Zeros
Four Texture Zeros
e iβ e i(
TABLE I: Possible CP transformation matrices with their corresponding Σ matrices. Here Θ, α, β and γ are real free parameters characterizing these CP transformations. We adopt short-hand notations cΘ ≡ cos Θ, sΘ ≡ sin Θ, α1 ≡ −α + β + γ and α2 ≡ −α + β + γ/2. Note that not all CP texture zeros are phenomenologically viable (see text for details).
Three Texture Zeros
There is only one possibility for three texture zeros in the X matrix, as shown in Tab. (I). For the oscillation parameters it predicts:
where, as before, θ i ; i = 1, 2, 3 are the angles of the orthogonal matrix O 3 in Eq. (10) . Thus the three texture zero matrix X IV predict no CP violation. Moreover, all the mixing angles in this case remain unconstrained.
Two Texture Zeros
For two texture zeros there are in total three possibilities, as listed in Tab. (I), all of which are phenomenologically viable. The first case of two texture zeros X V is nothing but generalized µ − τ symmetry discussed in [22] 2 . For oscillation parameters it predicts:
As noted in [21, 22] these expressions lead to a correlation, namely sin
where Θ is a label that defines the CP scenario.
The second case of two texture zeros X V I predicts:
where J CP = 1 8 sin 2θ 12 sin 2θ 23 sin 2θ 13 cos θ 13 sin δ CP is the standard CP invariant. Again, as discussed in [21] , one can obtain a correlation between the atmospheric angle and δ CP .
The third possibility of two texture zeros X V II is actually related with the X V I case by the exchange of the second and third rows. Thus the oscillation parameters in this case are same as for X V I case given in Eq. (14) , except that the angle θ 23 and the Dirac phase δ CP of Eq. (14) should be replaced by π/2 − θ 23 and π + δ CP respectively.
2 Generalized µ − τ symmetry in the charged lepton sector is discussed in [24] . Recently, a similar pattern using residual discrete symmetries has also been considered in [32] .
One Texture Zero
For the case of one texture zero there are again three distinct possibilities, as shown in Tab. (I).
However, out of these three, the X V III CP matrix cannot successfully account for current neutrino oscillation date. Hence, only two possibilities i.e. X IX and X X are phenomenologically viable.
The CP matrix X IX predicts:
+ 4 (cos θ 1 + 3 cos 3θ 1 ) sin 2θ 2 cos 2θ 3 sin 2Θ .
In this case too there is a correlation between the Dirac phase and the atmospheric angle, see [21] for details. Moreover, the CP matrix X X is related to X IX by the exchange of the second and third rows. As a consequence, its oscillation parameters are the same as those in Eq. (15), except that sin 2 θ 23 → 1 − sin 2 θ 23 and δ CP → π + δ CP .
Democratic CP Matrix
Finally one can also have CP matrices without any texture zeros at all. There are infinite such possible matrices. A simple and predictive example of one such matrix is the so-called democratic CP matrix, as shown in Tab. (I). There are in total four such possible democratic CP matrices but it can be shown that they all lead to the same mixing parameters, up to unphysical phase redefinitions [21] . Thus, in Tab. (I) we have only shown one such democratic matrix, namely X XI . 
For a detailed discussion of the correlations amongst these oscillation parameters, see [21] .
In the following sections we will look at the potential of the upcoming Deep Underground Neutrino Experiment (DUNE) to probe the predictions of the above texture zero CP matrices, focusing on the atmospheric angle θ 23 and the Dirac CP phase δ CP .
EXPERIMENTAL AND SIMULATION DETAILS
DUNE is a proposed next generation superbeam neutrino oscillation experiment at Fermilab, USA [33, 34] . The DUNE collaboration has planned to utilize existing Neutrinos from the Main Injector (NuMI) beamline design at Fermilab as a neutrino source. The far detector of DUNE will be installed at Sanford Underground Research Facility (SURF) in Lead, South Dakota. The distance from the source to the far detector is about 1300 km (810 mi) and it will be kept about For the numerical simulation of the DUNE data, we use the GLoBES package [35, 36] along with the required auxiliary files presented in Ref. [34] . We perform our numerical analysis considering 3.5 years running time in both neutrino and antineutrino modes. Throughout this work, we consider 40 kton detector volume. While performing the numerical simulation, we have also taken into account both the appearance and disappearance channels of neutrinos as well as antineutrinos.
In addition, we adopt signal and background normalization uncertainties for the appearance and disappearance channels as mentioned in the DUNE CDR [34] .
Given that the latest global-fit values of neutrino oscillation parameters prefer normal neutrino mass ordering (i.e., m 1 < m 2 < m 3 ) over inverted neutrino mass ordering (i.e., m 3 < m 1 ∼ m 2 ) at more than 3σ [19] , we focus our study on the first scenario. We adopt given "theory motivated" benchmark values for θ 23 , δ CP as true values, and determine the resulting DUNE sensitivity regions.
Concerning the former, we take the values suggested by our generalized CP theories, as characterized by the corresponding CP texture zeros. We fix solar oscillation parameters θ 12 , ∆m 2 21 at their current best-fit values in both true and test. On the other hand, we assume current best-fit values for θ 13 and ∆m 2 31 as their true values, whereas in the test, we marginalize over their 3σ ranges allowed by the latest global-fit results of [19] . In next section, we provide a detailed description of our numerical analysis for different true benchmark points in the context of DUNE.
CONSEQUENCES OF GENERALIZED CP-SYMMETRY AT DUNE
Having discussed the theory predictions originating from texture zeros in the generalized CP matrices discussed in Section 3, we now investigate DUNE's capability to test these predictions.
We note that in most cases texture zeros yield regions in the θ 23 − δ CP plane, rather than a unique point 3 . Although the nature of the predicted θ 23 -δ CP correlations differ in each case, they often lead to overlapping regions in the θ 23 − δ CP plane. Hence, in this section we exploit this fact by adequately choosing benchmarks that are shared by several CP texture zero patterns. By employing this strategy we aim to cover all viable cases with as few representative benchmark points as possible, as listed in Tab. II. The corresponding results of our DUNE simulations are shown in Figs. 1-3 .
Tab. II summarizes our benchmark points. The second column represents the benchmark values we have adopted, while the third column indicates the generalized CP texture zero patterns in which they appear. Notice also that, while theory-motivated, all of the benchmark points in Tab. II are also taken to lie within 3σ of the currently allowed values [19] . represents exact µ − τ reflection symmetry. Here, abbreviation BP stands for "benchmark point", whereas BL implies "benchmark line".
We now proceed to discuss the phenomenological implications of the different benchmark values as given by Tab. II. In Fig. 1 and Fig. 2 , we describe the predicted (sin 2 θ 23 , δ CP ) sensitivity regions for different benchmark points, for the case of normal neutrino mass ordering. Different color variations show χ 2 values ranging from χ 2 = 0 all the way up to χ 2 = 40 (see figure label for details).
We have also drawn the contours for 2σ (black-dotted) and 3σ (black-solid), corresponding to χ 2 = 6.18, 11.83 for 2 d.o.f , respectively. The 'black-dot' points depict the true benchmark values for different scenarios, as given by Tab. II. For quick comparison with our current knowledge of these parameters, in all figures, we have also shown as a red-star the current best-fit value, (sin 2 θ 23 , δ CP ) = (0.547, 1.32π) from [19] . Fig. 1a shows the DUNE sensitivity regions for the BP-I scenario. Recall that this scenario corresponds to having exact µ − τ reflection symmetry, and predicts the parameters θ 23 and δ CP both to be maximal. In plotting Fig. 1a we have taken these values as true benchmark points. One sees that after 3.5 years running time in both neutrino and antineutrino modes, DUNE will probe a large part of the θ 23 , δ CP plane at the 3σ level. As shown in Tab. II, this benchmark value is also shared by the scenarios associated to the CP matrices of X V , X V I , X XI . As clear from Fig. 1a, for this BP-I case, apart from a small region, DUNE will have the capability to significantly rule out the CP conservation hypothesis, i.e δ CP = 0, π.
The DUNE simulation performed by taking the second benchmark BP-II as true value is shown in Fig. 1b . This benchmark point lies in the allowed ranges for the X IV , X V , X XI CP matrices, as shown in Tab. II. Since this benchmark value corresponds to CP conservation, it can test for the maximal CP violation hypothesis. As shown in Fig. 1b , in this case maximal CP violation can indeed be excluded at more than 3σ. Furthermore the allowed range for the atmospheric angle can also be significantly constrained.
Our determinations of DUNE's reach for benchmarks BP-III and BP-IV are shown in Fig. 1c and like BP-II, these benchmarks are again CP conserving, and will probe the hypothesis of maximal CP violation, which will be ruled out at more than 3σ. One also sees from these panels that DUNE will restrict the allowed sin 2 θ 23 range to a small region around its true value. As shown in Fig. 1c, for BP-III DUNE will exclude maximal atmospheric mixing to a very high significance, while the whole higher octant, will be disfavored at 2σ. A small region around sin 2 θ 23 ∼ 0.56 will remain allowed at 3σ. For BP-IV one sees, from Fig. 1d , that DUNE will rule out maximal atmospheric angle at χ 2 ∼ 40. Moreover, DUNE will also exclude the whole lower octant, θ 23 at more than 3σ.
For such benchmark values, the exact µ − τ reflection symmetry, i.e. (sin 2 θ 23 , δ CP ) = (0.5, 1.5π) will be excluded by DUNE at χ 2 ∼ 40.
The results of our DUNE simulations for benchmarks BP-V and BP-VI are shown in Fig. 1e and Fig. 1f , respectively. As shown in Tab. II these benchmark points are shared by the CP matrices X X , X XI . To quantify DUNE's sensitivities in this case, in Fig. 1e and Fig. 1f we adopt CP conserving and maximal CP violating true benchmark values, respectively. Note that benchmark BP-V is CP conserving, with sin 2 θ 23 = 0.52. Maximal CP violation can be ruled out to a very high significance in this case, whereas the maximal atmospheric mixing is allowed within 2σ, see values of (sin 2 θ23, δCP), whereas the 'red-star' is the current best-fit value, (sin 2 θ23, δCP) = (0.547, 1.32π) from [19] .
potential to exclude the CP conservation hypothesis at χ 2 ∼ 40. We also notice from BP-VI (see Fig. 1f ) that DUNE will be able to rule out the lower octant of the atmospheric angle with more than 3σ sensitivity. Moreover, one sees that in this case the determination of θ 23 , δ CP improves considerably. We now turn to the case of benchmarks BP-VII and BP-VIII, which appear associated to the X V , X XI CP matrix patterns. Notice that so far all the benchmark points we have considered (see Tab . Here too we find that maximal CP violation can be ruled out at more than 3σ. However, no CP violation as well as maximal atmospheric mixing remain allowed within 2σ. Notice that for BP-VII (see Fig. 2a ) the exact µ − τ reflection symmetry can be ruled out at χ 2 ∼ 40, while for BP-VIII it can only be ruled out at the 3σ level, as seen from Fig. 2b . Notice also that, except for Having discussed at length the results of our DUNE simulations for the theory-motivated benchmark points in Tab. II, we now discuss two examples where the benchmarks are given by lines, as seen in the last two rows in Tab. II. The results are shown in Fig. 3 . In Fig. 3a we have taken the CP conserving true benchmark value δ CP = π, whereas in Fig. 3b we focused on the benchmark that maximal CP violation and, as a result, µ − τ reflection symmetry, would be ruled out well above 3σ.
For the other benchmark line of Fig.3b corresponding to maximal CP violation, we find that DUNE has the capability to rule out the possibility of CP conservation at 3σ. Finally, we also note that the current best-fit point from the global analysis of neutrino oscillation data (marked by the red-star) is disfavored at more than 3σ for the CP conserving scenario depicted in Fig. 3a .
However, for the maximal CP violating case of Fig. 3b , the current best fit point lies within the 2σ contour.
SUMMARY AND DISCUSSION
In this paper we have focused on the potential of the DUNE experiment in probing leptonic CP violation. We have adopted the model-independent framework provided by the class of theories with generalized CP symmetries. Using their characterization by the texture zeros of the corresponding generalized CP transformation matrices we have determined the experimental sensitivities for various interesting cases. In order to illustrate our results, we have focused on the two poorly known parameters, i.e., atmospheric mixing angle θ 23 and the Dirac CP-phase δ CP , for which we have taken various benchmark values as true points in our simulations. The full set of possible benchmark values is given in Tab. (II). We have quantified the capability of the DUNE experiment for various theory-motivated cases assuming 3.5 years of DUNE running in the neutrino mode and another 3.5 years of run in the antineutrino mode. Our results are summarized in Figs. 1, 2, and 3 for a representative set of benchmark points and lines. We conclude that DUNE will be able to test such theories in a meaningful way, potentially excluding some patterns of texture zeros for the CP transformations.
Before closing we also note that, once DUNE starts taking data, the determination of θ 23 and δ CP will very quickly become DUNE data driven. Thus, if the true value of these parameters is not near the current best fit values of [19] , then the contours of the allowed regions for a given C.L.
will change dramatically as shown in Fig. 1 and Fig. 2 . In order to highlight the impact of DUNE on the current state of our knowledge of θ 23 − δ CP , we have marked the best fit value of the latest global fit results [19] by a red colored star. These figures also show how the allowed region will change after 3.5+3.5 years of DUNE run, if any of the theory predicted benchmark points is indeed the true value of these parameters. For example, for the BP-I point, at the end of 3.5+3.5 year run of DUNE, the current best fit point will be almost 2σ away from the true value, as shown in Fig. 1a , while for BP-II it will be more than 3σ away, as evident from Fig. 1b . Similar conclusions can also be drawn for other benchmark points, as shown in Fig. 1 and in Fig. 2 . In some cases, such as for BP-III and BP-IV, the current best fit point can be ruled out at more than χ 2 = 40, as shown in Fig. 1c and Fig. 1d . Thus, if one of these benchmark points is indeed the true value, DUNE will unambiguously drive the data towards it, away from the current best fit.
